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Microscopic phase transformation from graphite to sp-bonded carbon chains carbyne and
nanodiamond has been induced by femtosecond laser pulses on graphite surface. UV/surface
enhanced Raman scattering spectra and x-ray photoelectron spectra displayed the local synthesis of
carbyne in the melt zone while nanocrystalline diamond and trans-polyacetylene chains form in the
edge area of gentle ablation. These results evidence possible direct “writing” of variable chemical
bonded carbons by femtosecond laser pulses for carbon-based applications. © 2007 American
Institute of Physics. DOI: 10.1063/1.2793628
Various carbon materials, such as sp-bonded linear car-
bon chains carbynes nanodiamond, graphene, and carbon
nanotubes, are paving the way for carbon electronics.1–3 Tra-
ditional phase transformation between them is strenuous,
usually operating at high temperature and high pressure.4
Obviously, a concise all-on-chip processing is desired. Here,
we report the evidence of phase transformation between
graphite to carbyne and nanodiamond induced by femtosec-
ond laser pulses. Since carbynes are prototypes for one-
dimensional nanowires and precursor molecules in the for-
mation of carbon nanotubes and fullerenes,5 the present work
probably represents an essential step of carbon surface pre-
cise processing with femtosecond pulses.
The bombardment of graphite with intense nanosecond
laser pulses has been demonstrated to be effective in synthe-
sizing nanodiamond, fullerenes, and diamondlike amorphous
carbon.6–8 However, a significant lateral melting of target
material up to 0.5 mm cannot be avoided due to thermal
effect.7,8 In contrast, femtosecond laser pulsed ablation dis-
plays a nonthermal mechanism since the characteristic time
of electron-lattice interaction is a few picoseconds, at least
one order of magnitude longer than the pulse width. Femto-
second ablation hence allows precise surface processing
while minimizing lateral damage.8–10 Recently, tetrahedral
carbon films embedded with sp-bonded carbon chains have
been fabricated by femtosecond ablation of graphite.11 In this
letter, we display that in the vicinity tens of micrometers of
irradiation crater femtosecond pulses can induce direct phase
transformations from sp2-bonded carbon to carbynes or
sp3-bonded nanodiamond, dependent on laser intensities.
Highly oriented pyrolytic graphite HOPG was irradi-
ated with 120 fs pulses from a Ti:sapphire laser operating at
800 nm. The laser beam was focused on the surface of
HOPG with 15 cm focal length lens at 300 K in a vacuum
chamber at a typical pressure of 510−7 Torr. A shutter was
used to control the number of laser pulses. Incident pulse
energy was varied using a  /2 plate and two broadband
beam splitters. Chemical structures of samples irradiated by
25 overlapping pulses at energy of 700 J/pulse were char-
acterized by UV/Surface enhanced Raman scattering SERS
spectra and x-ray photoelectron spectra XPS. Prior to the
recording of SERS spectra, the HOPG surface was coated in
situ with a silver nanoparticle film.11 The SERS spectra were
recorded with 50 objective using an excitation wavelength
of 632 nm at a power of 0.3 mW.
Figure 1 shows the morphology of HOPG in the vicinity
of the laser focus after irradiation with 25 overlapping pulses
at energy of 700 J/pulse. The central crater of 50 m in
diameter is surrounded by an outer region with less ablation.
The diameters of two areas as a function of pulse energy are
shown in the inset of Fig. 2. At a given pulse energy we find
that these two diameters remain unchanged with accumulat-
ing 3–60 pulses, indicating little effect of incubation on the
size of femtosecond ablation.12 The waist diameter of focus-
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FIG. 1. Scanning electron microscopy SEM micrographs of highly ori-
ented pyrolytic graphite after irradiation with 25 overlapping 120 fs 700 J
laser pulses at a wavelength of 800 nm. Inset: SEM image of the wall of the
central crater.
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ing beam is thus obtained by fitting to a Gaussian profile of
laser intensity. As shown in the inset of Fig. 1, condensed
liquid droplets can be seen on the crater wall, evidencing the
melting of carbon during ablation.
Figure 2 shows the ablation depth L per pulse versus
incident fluence. It is apparent that L can be well described
by a two-temperature model,L=−1 lnF /Fth, with −1 as
the electronic thermal penetration depth and Fth the damage
threshold.13 The best fitting yields −1=139 nm and
Fth=0.41 J /cm2. These data are significantly larger than the
measured optical penetration depth of 33 nm at a wavelength
of 620 nm Ref. 14 and ablation threshold of 0.18–0.25 for
HOPG.8 This is primarily due to the present ablation occur-
ring at a higher incident fluence.
Figure 3 presents Raman spectra recorded at 325 nm of
irradiated HOPG within the area of the crater. It is long
known that the feature centered at 1570 cm−1 originates from
the stretching mode of graphite G band. The enhanced
band at 1900–2300 cm−1 can be identified with sp-bonded
carbon chains.3,5 The presence of sp3-bonded species is also
indicated by the appearance of a T band centered at
1050 cm−1 Ref. 15. Although a roughly 10% fraction of
sp3-bonded components can be estimated from the ratio of
T /G bands there are no available models to deduce the re-
maining sp /sp2 concentration from the Raman spectra of a
material containing three types of carbon bond,11,15 since sp
and sp2 cross sections are structure dependent and governed
by the sp chain length distribution and clustering of sp2 net-
work. sp-bonded chains are more stable when they are
formed in high vacuum 10−7 Torr. There is a little change
of UV spectra after 1 month exposure to air. This enhanced
stability of sp-bonded chains may arise because chains are
pinned by bonding to sp3 components.11 Meanwhile, irradia-
tion at 10−6–10−5 Torr displays a dramatic decrease of the
sp-bonded carbon concentration. This is in accord with pre-
vious experiments, where it is revealed that the sp-bonded
carbon chains are oxidized or graphitized by cross-linking as
exposed to dry air.16 As shown in Fig. 4, local binding state
transformations are also apparent in XPS spectra of C 1s line
for material inside and outside the irradiated areas. An ex-
tended C 1s line shape with a tail shifting to lower binding
energy in the central irradiated regime is a fingerprint of the
presence of carbynes.17 The deconvolution of the C 1s line of
irradiated regime displays that the sp1, sp2, and sp3 fractions
in the central area are 0.3, 0.6, and 0.1, respectively.18
Figure 5 evidences SERS features associated with spe-
cific molecular groups. These features do not arise from con-
tamination since they are absent in the SERS spectra of non-
irradiated areas Virgin curve.19 SERS spectra of central
irradiated areas show that peaks at 1960 and 2095 cm−1 can
be identified with cumulenes CvCn and polynes
–CwC– n, respectively.3,12 The presence of a diamond
component can be seen in the lightly ablated area, which
displays a band at 1260 cm−1 due to tetrahedral carbon20 and
another at 1280 cm−1 corresponding to scattering by nano-
FIG. 2. Color online Ablation depth per pulse as a function of incident
fluence. The solid line corresponds to a two-temperature model. Inset: Mea-
sured area vs pulse energy for the central crater squares and the weakly
ablated surrounding region circles.
FIG. 3. Color online UV Raman spectra of material within the central
crater and far away from this region after femtosecond irradiation.
FIG. 4. Color online X-ray photoelectron spectra of C 1s lines measured
within the irradiated crater and an unirradiated region. Inset: deconvolution
of C 1s line of irradiated crater with sp, sp2, and sp3 binding energy at
283.5, 284.4, and 285.2 eV, respectively.
FIG. 5. Color online Surface enhanced Raman scattering spectra of a
crater, in the weakly ablated region and for pristine HOPG surface recorded
at 632 nm.
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diamond at the L point.21 Trans-polyacetylene chains having
different lengths are identified by the presence of several
modes at 1150, 1190, and 1450 cm−1.11,22 Different SERS
modes dependent on the laser intensity agree with theoretical
calculation and experiments showing that bonding in liquid
carbon progresses from sp to sp3 with increasing liquid
density.23,24
In the crater, the incident fluence is so strong that the
thermal effect significantly results in much liquid evident in
Fig. 1. As a result, an abundance of sp-bonded chains is
readily generated. Meanwhile, in the lightly ablated area out-
side the central crater, the thermal effect is almost omitted
due to a lower fluence. The material removal is due to Cou-
lomb explosion or photofragment and then the formation of
nanodiamond is favored due to the shock wave. Some trans-
polyacetylene phase may also be created during this process.
The two-temperature model can further explain the elec-
tronic thermal penetration depth −1 obtained from the fitting
in Fig. 2.13 According to the thermal diffusion length
l= Da1/2, where D1/3F
2 is the thermal diffusivity, 
is electron relaxation time, a=Mion /Me electron-lattice in-
teraction time, and F=8105 m/s the Fermi velocity. As-
suming =2 fs,24 one can deduce l=134 nm, in good har-
mony with experimental value of 139 nm.
In summary, we have shown that local phase transforma-
tions on the surface of graphite are strongly dependent on
incident fluences of femtosecond pulses. A variety of carbon
species including carbyne and trans-polyacetylene chains
have been detected in addition to regions containing nano-
diamond structure. This work displays the potential of fem-
tosecond surface engineering for application.
This work is supported by grants from the Natural Sci-
ence and Engineering Research Council of Canada
NSERC.
1G. A. J. Amaratunga, Science 297, 1657 2002.
2C. Berger, Z. Song, X. Li, X. Wu, N. Brown, C. Naud, D. Mayou, T. Li,
J. Hass, A. N. Marchenkov, E. H. Conrad, P. N. First, and W. A. Heer,
Science 312, 1191 2006.
3L. Ravagnan, F. Siviero, C. Lenardi, P. Piseri, E. Barborini, and P. Milani,
Phys. Rev. Lett. 89, 285506 2002.
4F. P. Bundy, W. A. Bassett, M. S. Weathers, R. J. Hemley, H. K. Mao, and
A. F. Goncharov, Carbon 34, 141 1994.
5C. S. Casari, V. Russo, A. Li Bassi, C. E. Bottani, F. Cataldo, A. Lucotti,
M. Tommashini, M. Del Zoppo, C. Castiglioni, and G. Zerbi, Appl. Phys.
Lett. 90, 013111 2007.
6M. Bonelli, A. Miotello, P. M. Ossi, A. Pessi, and S. Gialanella, Phys. Rev.
B 59, 13513 1999.
7S. N. Luo, O. Tschauner, T. E. Tierney IV, D. C. Swift, S. J. Chipera, and
P. D. Asimow, J. Chem. Phys. 123, 024703 2005.
8M. D. Shirk and P. A. Molian, Carbon 39, 1183 2001.
9C. Momma, S. Nolte, B. N. Chichkov, F. V. Alvensleben, and A.
Tunnermann, Appl. Surf. Sci. 109, 15 1997.
10M. Lenner, A. Kaplan, and R. E. Palmer, Appl. Phys. Lett. 90, 153119
2007.
11A. Hu, Q.-B. Lu, W. W. Duley, and M. Rybachuk, J. Chem. Phys. 126,
154705 2007.
12Y. Lee, M. F. Becker, and R. M. Walser, J. Opt. Soc. Am. B 5, 648 1988.
13S. Nolte, C. Momma, H. Jacobsm, A. Tünnermann, B. N. Chikov, B.
Wellegehausen, and H. Welling, J. Opt. Soc. Am. B 14, 2716 1997.
14D. H. Reitze, H. Ahn, and M. C. Downer, Phys. Rev. B 45, 2677 1992.
15A. C. Ferrari and J. Robertson, Phys. Rev. B 64, 075414 2001.
16C. S. Casari, A. Li Bassi, L. Ravagnan, F. Siviero, C. Lenardi, P. Piseri, G.
Bongiorno, C. E. Bottani, and P. Milani, Phys. Rev. B 69, 075422 2004.
17A. Hu, S. Griesing, M. Rybachuk, Q.-B. Lu, and W. W. Duley,
“Nanobuckling and x-ray photoelectron spectra of carbyne-rich tetrahedral
carbon films deposited by femtosecond laser ablation at cryogenic tem-
peratures,” J. Appl. Phys. in press, and references therein.
18R. Haerle, E. Riedo, A. Pasquarello, and A. Baldereschi, Phys. Rev. B 65,
045101 2001.
19A. Otto, J. Raman Spectrosc. 33, 593 2002.
20D. Beeman, J. Silverman, R. Lynds, and M. R. Anderson, Phys. Rev. B
30, 870 1984.
21D. Roy, Z. H. Barber, and T. W. Clyne, Appl. Phys. Lett. 91, 6085 2002.
22T. López-Ríos, É. Sandré, S. Leclercq, and É. Sauvain, Phys. Rev. Lett.
76, 4935 1996.
23C. Z. Wang, K. M. Ho, and C. T. Chan, Phys. Rev. B 47, 14835 1993.
24S. L. Johnson, P. A. Heimann, A. G. MacPhee, A. M. Lindenberg, O. R.
Monteiro, Z. Chang, R. W. Lee, and R. W. Falcone, Phys. Rev. Lett. 94,
057407 2005.
131906-3 Hu et al. Appl. Phys. Lett. 91, 131906 2007
Downloaded 07 Oct 2008 to 131.181.251.66. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
